INTRODUCTION
Hydrothermal manifestations are common in areas of recent volcanism. Even though hot springs are often said to be related to declining stage of volcanic activity, they may be connected to magmatic heat and/or materials (Williams and McBirney, 1980) . There are many investigations on hot and mineral springs using chemical and isotopic compositions of volatile elements (Craig, 1963; Allard, 1983; Sano and Wakita, 1985) . then global flux of carbon was discussed (Marty and Jambon, 1987; Marty and Tolstkhin, 1998; Sano and Williams, 1996) . Thus helium and carbon isotope data were well documented in volcanic and hydrothermal systems. On the other hand, the nitrogen isotope data are very sparse in the literature (Fischer et al., 1998; Sano et al., 1998a) . This is partly because nitrogen isotope signature of the upper mantle has not been well known until recently due to experimental difficulty (Marty and Humbert, 1997; Cartigny et al., 1997) .
We have carried out an extensive geochemical survey around Ontake volcano, central Honshu, Japan since November 1981. First, a decreasing trend of helium isotopes was found with increasing distance from the central cone to the sampling sites (Sano et al., 1984) . Such a tendency may be characteristic of 3 He emission in volcanic areas and suggested that magmatic helium was carried with fluid-flowing through a conduit. Second, helium isotope anomalies were observed at the site close to the fault formed by the 1984 Western Nagano Earthquake (Sano et al., 1986) . Occurrence of the earthquake together with enhancement of 3 He was possibly induced by a diapiric magma. Third, an increasing carbon isotopes was found with increasing distance from the cone. In addition, secular variations of helium and carbon isotopes were observed from September 1984 to June 1993 (Sano et al., 1998b) . These variations were attributable to the recent reactivation of Ontake volcano.
The primary purpose of this study is to illustrate geographical variations of nitrogen and argon isotopes in hot and mineral spring gases derived from the Ontake volcanic and hydrothermal system. Relationship among He, Ar, C and N is disucssed. The secondary purpose is to add the temporal data, from June 1996 to June 2000 of helium and carbon isotopes of the spring gases into those reported in the literature. Secular variations of data are discussed within the recent activity of Ontake volcano. 
SAMPLING SITE AND ANALYTICAL METHOD
Mount Ontake, an isolated stratovolcano (elevation 3063 m) is located in central Honshu, Japan (35°54′ N, 137°29′ E). There is no other active volcano within a radius of about 40 km of Mount Ontake. The first historic eruption of the volcano took place on 28 October 1979, forming several new craters and ejecting large amounts of volcanic ash and steam. There are many hot and mineral springs in the area, located from northwest to southeast of the central cone of the volcano (Fig. 1) . The distribution may be attributable to geo-structurally weak regions. Table 1 lists temperatures, distance from the cone, elevation of the site together with average 3 He/ 4 He ratios and δ 13 C values referred from previous works (Sano et al., 1984; Sano et al., 1986; Sano et al., 1998b) . Figure 2a shows a relationship between the distance from the central cone and the elevation of the site. There is a negative correlation where the slope is steeper at closer to the cone. This is simply attributable to the shape of volcanic edifice, that is a stratovolcano. Figure 2b indicates a relationship between the distance and the temperature of spring water. Again there is a negative correlation, even though the temperatures are plotted in logarithmic scale. At the site of about 15 km away from the cone, the water temperature becomes ~13°C, almost equivalent to the annual mean atmospheric temperature, suggesting no excess heat emanation at the region. It is noted that a topographic high is observed within ~15 km from the cone (Fig. 2a) .
Twenty three gas samples were collected from ten hot and mineral springs during June 1996 to June 2000 (see Fig. 1 ). The gas samples were introduced by the water displacement method into lead-glass container with stopcocks at both ends. Chemical compositions of the gas samples (N 2 , CH 4 , CO 2 , He, and O 2 ) were determined by a gas chromatography equipped with TCD detector (Shimadzu GC-8A) using Ar carrier gas. Ar contents of 1996 samples were measured by the same gas chromatography using N 2 carrier gas. Those of 1998 and 2000 samples were obtained by a combination of N 2 contents, and N 2 / 40 Ar and 40 Ar/ 36 Ar ratios measured by a mass spectrometry as described below.
Purification and separation of helium and neon in the samples were made in all metal vacuum line using hot Ti-Zr getters and activated charcoal traps Sano et al. (1984 Sano et al. ( , 1986 Sano et al. ( , 1998b Ne ratios are about 3% and 10% at one sigma, respectively, estimated by repeated measurements of the air standard (Sano and Wakita, 1985) . Helium was not separated from Ne in the analysis, which may cause a bias in absolute 3 He/ 4 He ratio (Rison and Craig, 1983; Sano and Wakita, 1988) . This ambiguity was corrected by an empirical relationship between the 4 He/ 20 Ne and relative 3 He/ 4 He ratio reported by Sano et al. (1998b) which is described later. Separation and purification of CO 2 in the samples were made in a glass vacuum line using a trap held at liquid nitrogen temperature and a trap at ethanol-dry ice temperature. Hydrogen sulfide, which may affect the measured δ 13 C values of CO 2 , was completely removed by a trap with an evacuated 1 N CuCl 2 solution (Nishio et al., 1995) . The 13 C/ 12 C ratios were analyzed by a conventional stable isotope mass spectrometer (Finnigan MAT 250) at the Ocean Research Institute. The observed ratios were calibrated against a running standard whose carbon isotopic composition was determined relative to an international standard of PDB carbonate. Although the statistical error of each 13 C/ 12 C measurement was smaller than 0.005%, we take the error of 0.01% at one sigma based on the reproducibility of a running standard.
Nitrogen and argon were purified by using a high vacuum line equipped with hot CuO, hot platinum foil and a cryogenic trap. We did not specify the chemical form of nitrogen such as N 2 , NH 3 and NO 2 . The nitrogen isotopic composition was measured by using a modified noble gas mass spectrometer (VG3600, Micromass Co.) at Ocean Research Institute. Prior to isotope analysis, the amount of nitrogen was adjusted to that of standard gas, which is about 0.15 nano-mol, in order to compensate any pressure effect on the measurement of the isotopic ratio. The 15 N/ 14 N ratio was determined from the observed 28 + /29 + ratio, and calibrated against atmospheric standard gas. Contribution of 13 C 16 O to mass 29 was negligibly small in the present samples since the 30 + /29 + ratios agree well with the expected 15 N 15 N/ 14 N 15 N ratio. The analytical error on the δ 15 N value was less than ±0.5‰, estimated by the reproducibility of the standard within one month. Accuracy of the measurement is again less than ±0.5‰, checked by comparison of the observed δ 15 N value in the system with the data measured by the conventional dynamic mass spectrometer. Experimental details of the nitrogen isotopic composition are given elsewhere (Takahata et al., 1998 Ar ratios were measured by on-line quadrupole mass spectrometry (Massmate100, ULVAC Co.) after purification using a hot Ti getter and a cryogenic trap. Their errors are 1~2% and 5% at one sigma, respectively. (Sano et al., 1998b) , and summarized as follows: a negative correlation between N 2 and CO 2 , a positive correlation between N 2 and Ar, minor contents of CH 4 , and relatively lower He contents in CO 2 -rich gases than in N 2 -rich. This is consistent with those found in hydrothermal systems in subduction zones (Urabe et al., 1985; Giggenbach et al., 1993) . Note that the distribution of CO 2 discharges generally coincides with major zones of seismicity throughout the world (Irwin and Barnes, 1980) . 
RESULTS
where R cor and R sample denote corrected and observed 3 He/ 4 He ratios in terms of R atm , and N air and N sample represent air and sample 4 He/ 20 Ne ratios, respectively, and α indicates a correction factor for the bias caused by Ne interference, which is 1.089 (Sano et al., 1998b) . The CO 2 / 3 He ratios are calculated by CO 2 and He concentrations and 3 He/ 4 He ratios. The N 2 /Ar ratios vary from 37 to 93, which are mostly consistent with the values between atmosphere and air-saturated water at 0°C.
DISCUSSION

Helium and carbon isotopes
The decreasing trend of 3 He/ 4 He ratios with increasing distance from the cone was first recog- (Sano et al., 1984) and then found in other volcanic regions such as Nevado del Ruiz (Williams et al., 1987) , Hakone (Sakamoto et al., 1992) and Kusatsu-Shirane (Sano et al., 1994) . Figure 3a shows a correlation between distance from the cone and corrected 3 He/ 4 He ratio in Ontake volcano. The general tendency of 3 He/ 4 He ratios from 1996 to 2000 is consistent with the average between 1981 and 1993. During volcanic activity most magmatic gases are emitted from the central cone. Some of the gases are also released through fissures or permeable channels in the volcanic edifice. The 3 He/ 4 He ratio is decreased by dilution with radiogenic He, as the mantle He passes through crustal rock. It is important that the general trend is immutable during recent 20 years from 1981 to 2000, suggesting that the magma-fluid flowing is in quasi-steady state in the volcanic edifice. Thus the hydrodynamic porous-media model (Sano et al., 1990) to explain the 3 He/ 4 He trend is probably valid. There are two sites with appreciably lower 3 He/ 4 He ratios than the trend, Shitajima and Yuya. We cannot find any geochemical features related to the lower ratios. It is noted that their elevations are also relatively lower than the decreasing trend (see Fig. 2a ). Their fluid-flow passage may be somehow different from the main stream and the dilution with radiogenic He is probably large.
The increasing trend of δ 13 C values with the distance was first observed in Kusatsu-Shirane volcano (Sano et al., 1994) and then confirmed in Ontake volcano (Sano et al., 1998b) . These works were based on the idea that there may be a similar trend to 3 He/ 4 He ratios for other chemical species or isotopes, since He is trace component in the hot and mineral spring gases. Figure 3b shows a correlation between distance from the cone and δ 13 C value in Ontake volcano. General tendency of the δ 13 C values from 1996 to 2000 is consistent with the average between 1981 and 1993 except for the Shirakawa site. The increasing δ 13 C value together with the increasing CO 2 / 3 He ratio was attributable to a simple two-component mixing between magmatic (δ 13 C = -8.7‰, 3 He/ 4 He = 8.0R atm ) and crustal (δ 13 C = -5.2‰, 3 He/ 4 He = 0.02R atm ) end-members (Sano et al., 1998b) . The anomaly at Shirakawa is discussed later.
Nitrogen and argon isotopes
There may be other chemical species or isotopes which show a correlation with the distance from the cone in addition to the 3 He/ 4 He ratios, δ 13 C values and CO 2 / 3 He ratios in Ontake volcano. Figure 4a shows a relationship between the distance and δ 15 N values of N 2 in hot and mineral spring gases. It is apparent that the δ 15 N values increase with increasing distance, even though November 1981 and June 1993, (b) experimental errors are large. There is a positive correlation with the coefficient (r 2 ) of 0.731. The variation mimics those of He and C isotopes. Magmatic nitrogen may also be carried by a fluid flowing through the volcanic edifice and diluted by crustal nitrogen at the distant area. Again a simple two-component mixing may be taken into account. On the other hand, there is no clear relationship between the distance and 40 Ar/ 36 Ar ratios with the coefficient (r 2 ) of 0.121 (see Fig. 4b ). A few samples such as Nigorigo-98 and Kanose-00 shows relatively lower but consistent 40 Ar/ 36 Ar ratios with the air value of 295.5 within experimental error. Other samples such as Akigami-00 and Kakehashi-00 have higher 40 Ar/ 36 Ar ratios than the air, suggesting the incorporation of radiogenic 40 Ar derived from the upper mantle or crust.
When one considers the two-component mixing of nitrogen, the nature of the end-members should be examined. Marty and Humbert (1997) proposed a δ 15 N value in the range -3 ~ -5‰ for the upper mantle, based on the correlation between δ 15 N and 40 Ar/ 36 Ar ratios in vesicles of mid-ocean ridge basalt (MORB) glasses. Cartigny et al. (1997) have suggested that the δ 15 N value of the sub-continental mantle is homogeneous at -5‰ -8‰ using pristine diamond samples. Thus, considering MORB and pristine diamond data, it is currently thought that nitrogen in the Earth's upper mantle is characterized by a δ 15 N value of -5 ± 2‰. Sano et al. (1998a) has reported that the subducting sedimentary nitrogen may be characterized by a δ 15 N value of +7 ± 4‰ at convergent 36 Ar ratios of back-arc basin basalt glasses and phenocrysts in subareal volcanic rock. Recently the sedimentary δ 15 N value has been confirmed by a study on volcanic gas and hydrothermal fluid in island arc (Sano et al., 2001) .
Since He contents are larger in N 2 -rich gases than in CO 2 -rich gases of the Ontake samples and a positive correlation was often found in hot spring gases from subduction zones (Urabe et al., 1985; Giggenbach et al., 1993) , He may be first accompanied with N 2 and then diluted by CO 2 . Therefore it may be useful to couple the 3 He/ 4 He ratios and δ 15 N values. Figure 5 shows a relationship between the corrected 3 He/ 4 He ratio and δ 15 N value of N 2 in Ontake volcano. There is a weak negative correlation between the 3 He/ 4 He ratio and δ 15 N value. The magmatic and crustal end-members have 3 He/ 4 He ratios of 8.0R atm and 0.02R atm , respectively (Sano and Wakita, 1985) . If we take also the δ 15 N values of magmatic = -3‰ and crustal end-members = +3‰, which are within the variations of mantle derived and subducting sedimentary nitrogen isotopes (Sano et al., 1998a) , several mixing lines between the two hypothetical components can be drawn based on the variation of the ratio (r) of magmatic N 2 / 3 He ratio to crustal N 2 / 3 He ratio (see Fig. 5 ). Note that general trends are consistent with r = 10 -3 , suggesting that magmatic N 2 / 3 He ratio is significantly smaller than the crustal value. Data are somehow scattering in the diagram, probably attributable to occasional addition of atmospheric N 2 . It is important to avoid the air contamination, since the atmosphere contains a large amount of N 2 .
Secular variations of He and C isotopes
Secular variations of He and C isotopes in Ontake volcano from 1981 to 1993 are summarized as follows: The 3 He/ 4 He ratios in hot and mineral springs located less than 10 km from the fault formed by the 1984 western Nagano earthquake (M6.8) increased significantly, while those distant sites from the fault showed no systematic He change. Decrease of δ 13 C value with time was found at Shirakawa, the closest site to the fault.
There is no δ 13 C change at the distant sites. These fault-earthquake-related phenomena were interpreted as follows: An upward migration of high-3 He/ 4 He and low-δ 13 C fluids associated with magma intrusion has occurred beneath the region. An increase in pore pressure by the magmatic fluids may have helped to decrease the effective stress of the region in the upper crust under the pre-existing tectonic stress field and triggered the M6.8 earthquake (Sano et al., 1986) . There was a continuation of seismic swarm activity in the area southeast of the volcano from 1978 to 1993. An after effect of the M6.8 earthquake was still lasting for about nine years on the geochemical nature of Ontake volcanic hydrothermal system (Sano et al., 1998b) . It is important to test the hypothesis of the after effect from 1996 to 2000. Figure 6a shows He ratio suggests that the input of magmatic fluid at the source of springs are still continuing in the region close to the M6.8 earthquake fault. It is noted that the number of earthquakes larger than M2.0 that occurred in the area in terms of 6 months from 1994 to 2000 is 87 ± 44, consistent with 95 ± 43 between 1986 and 1993 and about three times larger than 31 ± 6 before the M6.8 earthquake, from 1979 to 1984 (Fig. 6c) . The seismicity and 3 He/ 4 He change may be related to upward migration of magmatic fluid associated with the recent activity of Ontake volcano.
When the secular variation of 3 He/ 4 He ratios are attributable to increase of magmatic component as discussed above, the δ 13 C value of CO 2 may change due to volcanic influence. If two-component mixing between magmatic (δ 13 C = -8.7‰, 3 He/ 4 He = 8.0R atm ) and crustal (δ 13 C = -5.2‰, 3 He/ 4 He = 0.02R atm ) end members adopted in spatial variations is valid also in temporal variations, the δ 13 C value should decrease with an increase of the 3 He/ 4 He ratio. Figure 6b indicates the secular variation of δ 13 C values at the four spring sites, same as He variation from 1981 to 2000. Except for anomalous change at Shirakawa, the δ 13 C values are almost constant. This suggests that δ 13 C values are not so sensitive to tectono-magmatic activity as 3 He/ 4 He ratios. The increase of δ 13 C value at Shirakawa from 1993 to 2000 can not be explained by the simple two-component mixing, since the 3 He/ 4 He ratio has also increased appreciably at that time.
In order to discuss the origin of carbon in hightemperature volcanic gases, Sano and Marty (1995) proposed three-component mixing based on the δ 13 C value and CO 2 / 3 He ratio. When carbon in a sample is a mixture of MORB-type upper mantle, marine carbonate including slab component and sedimentary organic components, and M, L, and S, respectively, are the fractions of carbon contributed from these sources, the following equations are derived: 
where subscripts O, M, L, and S refer to the observed sample, mantle, limestone, and sediment, respectively. Taking values of δ 13 C M = -6.5‰, δ 13 C L = 0‰, and δ 13 C S = -30‰, and ( 12 C/ 3 He) M = 1.5 × 10 9 , ( 12 C/ 3 He) L = 10 × 10 13 and ( 12 C/ 3 He) S = 10 × 10 13 , one can quantitatively calculate the percentage of carbon provided by the three components M, L, and S in the sample. We have applied the calculation into the Shirakawa data which show anomalous δ 13 C increase that is not expected by a two-component mixing. We did not calculate Shirakawa sample in 1985 since it is N 2 -rich gas. Figure 7 indicates the secular variation of hypothetical carbon components, mantle, limestone and sediment in the sample. Enhancement of mantle contribution was large from 1993 to 1998 through 1996. On the other hand, sedimentary component has decreased monotonously from 1993 to 2000 while limestone was almost constant. Therefore the anomalous δ 13 C increase (Fig. 6b ) is attributable to the enrichment of mantle-derived carbon together with the depletion of sedimentary carbon at the source region of the Shirakawa spring. During the time period from 1993 to 1996, there is no specific geological event which may be connected with the enrichment of mantle derived carbon except for a M5.1 earthquake occurred at the west end of the fault formed by the M6.8 earthquake on April 23, 1993. The focus of the M5.1 earthquake was 11 km deep, and the mechanism was similar to that of the M6.8 earthquake (Nagoya University, 1993). The M5.1 earthquake may be related to the enrichment of mantle carbon, but we can not explain the physico-chemical mechanism. Anyway we did not find the carbon change at any other sites of present study, suggesting that the Shirakawa site may be significantly sensitive to tectono-magmatic activity. Continuous monitoring of the Shirakawa spring is desirable to carry out for the understanding of the mechanism and more practically for the purpose of earthquake prediction and volcanic event forecasting.
CONCLUSION
Several conclusions can be drawn concerning geochemcial surveys of volatile elements (He, Ar, C and N isotopes) at Ontake volcanic hydrothermal system, central Honshu, Japan from the foregoing discussions:
(1) The 3 He/ 4 He ratio decreased with increasing distance from the central cone, while δ 13 C values of CO 2 increased with the distance from 1996 to 2000, which agree well with those observed between 1981 and 1993. Such trends are well explained by a simple two-component mixing, that is dilution of magmatic He and C with crustal volatiles when they pass through volcanic edifice.
(2) On the surveys conducted in 1998 and 2000, the increase of δ 15 N value of N 2 with increase of the distance was observed, while there is no systematic change of 40 Ar/ 36 Ar ratios. These nitrogen variations are first reported in this work and mimic those of He and C isotopes. Two-component mixing may also explain the δ 15 N trends based on the He-N isotope systematics.
(3) The 3 He/ 4 He ratio is still increasing with time at the site close to the fault formed by the 1984 Western Nagano Earthquake (M6.8) from 1996 to 2000. Anomalous δ 13 C increase was found at the Shirakawa site, closest to the fault. The change may be explained by the three-component mixing of upper mantle, limestone including slab carbonate and sedimentary organic carbon. The δ 13 C increase is probably attributable to the enrichment of mantle-derived carbon together with the depletion of sedimentary carbon at Shirakawa.
